I. INTRODUCTION AND BACKGROUND
Last year history was made with the first discovery of a binary neutron star merger event by LIGO/Virgo, GW170817. The merger was subsequently studied in over seventy ground-and space-based observatories, at wavelengths across the electromagnetic spectrum. Observations in the visible and infrared are most convincingly interpreted as an r-process kilonova: an electromagnetic counterpart to the merger event powered by the radioactive decay of some hundredths to tenths of a solar mass of newly-produced heavy nuclei. The GW170817 kilonova provides the first strong evidence for an astrophysical site of r-process element production and may even suggest that the majority of the r-process material in the galaxy originates in neutron star mergers.
The latter claim, widely reported in the media, is extraordinary. The astrophysical site of production of the heaviest elements via r-process nucleosynthesis has been one of the major open questions in physics for decades. Thus each piece of the chain of evidence leading to this possible conclusion requires careful examination.
The GW170817 kilonova signal is interpreted through comparisons with model signals. Realistic kilonova model signals require state-of-the-art merger simulations to determine the conditions for nucleosynthesis, nuclear network calculations to find the nuclei produced and their associated radioactive heating, and radiation transfer calculations to convert the heating rate into the observed electromagnetic counterpart. Large uncertainties are present in each step. Astrophysical modeling suggests multiple nucleosynthetic sites are present within the merger event, including very neutron-rich dynamical ejecta from the tidal tails of the merger, shock-heated ejecta from the merger interface, and wind ejecta from the post-merger accretion disk. However, the exact nature of the conditions in each of these environments and their relative contributions to the overall nucleosynthetic yield is unclear. Nuclear network calculations are subject to these astrophysical uncertainties as well as the considerable nuclear physics uncertainties of the thousands of neutron-rich nuclei that participate in a merger r process. The radiation transport calculations are additionally sensitive to the opacities of the elements produced, which rely on uncertain atomic physics properties. In order to reliably interpret GW170817 and future kilonovae, these aspects need to be discussed and addressed.
In addition to the direct interpretation of the kilonova signal, it is also crucial to examine how this new evidence fits with the available r-process data from complementary sources. One such source includes spectroscopic observations of r-process elements in low metallicity stars. From the elemental abundance patterns and r-process enhancements observed in these pristine stars, information can be gleaned on the frequency, distribution, and number of distinct types of r-process events. Another key set of data is the pattern of solar isotopic r-process residuals, which are known to high precision. The shape of the r-process pattern produced in a nucleosynthetic event is sensitive to both the nuclear physics and astrophysics of the event; detangling the nuclear physics uncertainties can thus result in a powerful probe of r-process conditions.
In the summer of 2016, an ICNT/JINA-CEE joint program "The r process of nucleosynthesis: connecting FRIB with the cosmos" brought together over sixty observers, astrophysical modelers, nuclear experimentalists, and nuclear theorists to address the nuclear physics challenges associated with r-process nucleosynthesis. The outcome of this program was an extensive review article discussing promising r-process experiments, their likely impact, and their astrophysical, astronomical, and nuclear theory context [1] . In July 2018, a follow-up program "FRIB and the GW170817 kilonova" was sponsored by the FRIB Theory Alliance. In this document we collect the contributions of the participants of this workshop, representing a cross-section of efforts and advances in r-process science since the GW170817 discovery.
II. ASTROPHYSICAL SIMULATIONS OF NUCLEOSYNTHETIC ENVIRONMENTS
A. r r r-Process nucleosynthesis calculations with SkyNet (Jonas Lippuner) r-Process nucleosynthesis calculations involve thousands of nuclides and over 100,000 nuclear reactions. Nuclear reaction networks are used to follow the abundances of the nuclear species under the influence of these reactions. SkyNet is a state-of-the-art nuclear reaction network that is free and open-source available at https: //bitbucket.org/jlippuner/skynet [2] . SkyNet was initially designed for evolving large reaction networks for r-process nucleosynthesis calculations, but thanks to its modularity and flexibility, SkyNet can easily be used for nucleosynthesis computations in many other astrophysical situations. Besides correctness, the main design goals behind SkyNet are usability and flexibility, making SkyNet an easy to use and versatile nuclear reaction network that is available for anyone to use. SkyNet can evolve an arbitrary set of nuclear species under various different types of nuclear reactions. SkyNet can also compute Nuclear Statistical Equilibrium (NSE) compositions and switch between evolving NSE and the full network in an automated and self-consistent way. SkyNet contains electron screening corrections and an equation of state (EOS) that takes the entire composition into account. For ease of use, SkyNet can be used from within Python, and SkyNet can make movies of the nucleosynthesis evolution (see examples at
FIG. 1:
A frame from the animation of the nucleosynthesis calculation of a very neutron-rich r-process. The frame shows the full extent of the r-process just when free neutrons get exhausted. The plot in the upper left corner shows the temperature, density, and heating rate as function of time. The colored bands in the chart of nuclides correspond to the mass bins in the histogram at the bottom. The histogram shows the mass fractions on a linear scale while the blue curve shows the abundances as a function of mass on a logarithmic scale. This figure appeared in [3] .
http://stellarcollapse.org/lippunerroberts2015 and a frame from such a movie is shown in Fig. 1 ). SkyNet has been used for r-process nucleosynthesis calculations in different scenarios by various authors: [3] [4] [5] [6] [7] [8] [9] .
B. Incorporating experimental and theoretical nuclear data in astrophysical nucleosynthesis calculations (Trevor Sprouse)
Calculations of nucleosynthesis in astrophysical environments rely on two broad categories of input data: astrophysical conditions, including the thermodynamic evolution and initial composition of the material undergoing nucleosynthesis, and nuclear data in the form of nuclear reaction rates, decay half-lives, masses, and fission properties.
The r process poses a particular challenge to nucleosynthesis calculations. Because the neutron-rich nuclei involved in the r process are short-lived, most are poorly understood experimentally. Therefore, the theoretical predictions of nuclear models are needed to supply many of the nuclear data inputs required for nucleosynthesis calculations. Different nuclear models can vary widely in their predictions for the properties of r -process nuclei, and these variations propagate to calculated r -process abundances [10] [11] [12] . The path to improving these calculations will follow the progress of both the nuclear theory and nuclear experiment communities. Current and planned future experimental campaigns continue to investigate properties of increasingly neutron-rich nuclei which can be used to benchmark and inform theoretical nuclear models, further enhancing their predictive capabilities when incorporated into nucleosynthesis calculations.
Portable Routines for Integrated nucleoSynthesis Modeling (PRISM) is a nuclear reaction network which employs an abstract form of the network equations, together with generalized data structures, in order to easily and efficiently incorporate a wide variety of nuclear datasets into its calculations. This approach enables an implementation of nuclear properties that is faithful to the nuclear models, experiments, or evaluations from which they originate. Furthermore, because theoretical nuclear datasets can so easily be interchanged, and new experimental data added, to its calculations, PRISM is ideally suited to investigate r -process nucleosynthesis in the context of future advances in both nuclear experiment and theory that will emanate from FRIB. Calculations of the r process with PRISM are included in, for example, [13] [14] [15] . [46] . The ejecta composition was measured when the ejecta was still in nuclear statistical equilibrium and was crossing a coordinate sphere with radius 300M G/c 2 443 km. The nucleosynthetic yields are computed to 32 years after the merger. The simulation was performed with the open source WhiskyTHC code [4, [47] [48] [49] [50] , while the nucleosynthesis was computed using the SkyNet code [3] . The "Cooling" simulation only included electron and positron captures, while the "Cooling + Heating" simulation also included compositional effects and heating due to the absorption of neutrinos. "LTE" indicates a simulation where the neutrino interaction cross-sections were computed assuming thermodynamical equilibrium between neutrino and matter. Non-LTE effects are approximatively included in the "Cooling + Heating" simulation. Neutrino re-absorption has a strong impact on the production of first peak r-process elements A 120. Adapted from Radice, Perego, et al. in prep.
C. Numerical simulations of neutron star mergers (David Radice)
Numerical simulation are the cornerstone for the modeling of multimessenger signatures and nucleosynthetic yields from NS mergers. Early binary NS merger simulations either employed an approximate treatment for the gravitational field of the NSs [16] [17] [18] [19] [20] [21] [22] [23] [24] , or included general relativistic (GR) effects, but compromised on the treatment of NS matter [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . In the last few years, however, full-GR simulations with microphysical treatment of NS matter and with different levels of approximation for neutrino-radiation effects have also become available [4, [39] [40] [41] [42] [43] [44] [45] . These have clarified the mechanisms driving the mass ejection and highlighted the importance of including GR, a realistic description of dense matter, weak reactions, and neutrino radiation, all of which have been found to impact the mass ejection qualitatively and quantitatively. The sensitivity of the dynamical ejecta on the inclusion of neutrino heating, and the consequent nucleosynthetic yields are shown in Fig. 2 .
Neutron star merger simulations have also provided a new avenue to constrain the EOS of matter at extreme densities by providing a unified framework for the joint interpretation of EM and GW data from GW170817/AT2017gfo [51, 52] . Bauswein et al. [51] showed that, under the assumption that GW170817 did not result in the prompt formation of a black hole (BH), it is possible to place a lower bound on the radius of a reference 1.6 M NS, R 16 . They used an empirical relation between R 16 and the threshold mass for prompt BH formation that they previously discovered using approximate-GR simulations [53] . In a parallel work, we used a large set of full-GR simulations with detailed microphysics to constrain the tidal deformability of the binary as quantified by the parameterΛ [54] . The latter was constrained by LIGO/Virgo observations to be less than 800 with 90% confidence. In our work, we discovered the existence of a critical value ofΛ below which a black hole is shortly formed after the merger and only a small amount of material, insufficient to explain the kilonova observations, is left outside of the horizon. On the one hand, this was expected becauseΛ roughly scales as (R/M ) 6 , where R and M are the average masses and radiuses of the neutron stars in the binary [55] . Consequently, binaries with small tidal deformabilities result in early BH formation. However, simulations were necessary to quantify this limit. On the basis of this simple observation, we were able to set a lower bound on the tidal parameterΛ complementary to that of LIGO/Virgo. Our new constrain, in combination with that inferred from the analysis of the sole GW data, significantly reduces the range of allowed EOSs for NS and hybrid stars, as shown by Most et al. [56] .
D. Numerical simulations of the neutron star post-merger phase (Daniel Siegel) Numerical simulations of the merger and post-merger phase are vitally important for identifying the astrophysical site or sites of r-process nucleosynthesis in neutron star (NS) mergers and to understand the conditions under which the r-process proceeds. Simulations have revealed several types of neutron-rich ejecta from NS mergers: dynamical ejecta including tidal and shock-heated components [17, 24, 57] , ejected on a timescale of ∼ ms during the merger process; neutrino-driven and magnetically driven winds from a (meta-)stable remnant NS [58] [59] [60] (if the merger does not promptly collapse to a black hole), ejected on timescales of up to ∼ 10 ms − 1 s depending on the lifetime of the object; and outflows from a post-merger neutrino-cooled accretion disk on secular timescales of ∼ 100 ms − 1 s [61] [62] [63] . Several of these processes are at play in a typical NS merger event, generating ejecta material with different properties (amount of ejected material, composition, velocities). Therefore, in principle, kilonovae with multiple components are expected (see also Sec. II G).
The near-infrared emission of the kilonova associated with GW170817 provided strong evidence for the presence of lanthanides in the outflow material. The combination of a large amount of inferred neutron-rich ejecta (≈ 4 − 5 × 10 −2 M ) and slow ejecta velocities ≈ 0.1c (e.g., [64] and references therein) is rather difficult to explain by dynamical (tidal) ejecta. However, assuming that the merger did not promptly lead to BH formation (see Sec. II C), a post-merger accretion disk naturally provides outflows with composition, velocities, and total mass that are consistent with the observationally inferred values [7, 63] .
Post-merger accretion disks can evaporate 30 − 40% of their original disk mass into unbound outflows [7, 65] . These outflows are launched as thermal winds from a hot corona, which is the result of an imbalance between viscous heating from magnetohydrodynamic turbulence and cooling via neutrino emission at high latitudes off the disk midplane. Further acceleration due to α-particle formation leads to an average outflow speed of ≈ 0.1c. The composition of the outflows is controlled by a self-regulation mechanism based on electron degeneracy in the inner part of the disk, which keeps the mean electron fraction of the outflows well below a critical threshold of Y e ≈ 0.25 for lanthanide and actinide production [7, 63] . Detailed nucleosynthesis calculations show that the production of the full range of r-process nuclei from the first to the third peak can be explained [7, 66] .
E. Neutrino Microphysics in Compact Object Mergers (Evan O'Connor)
As David Radice alluded to in Section II D, neutrinos play a crucial role in mergers of compact objects. Most importantly, neutrino are emitted from and absorbed onto the matter and can change the composition, i.e. the electron fraction. As Jonas describes above, the composition of the ejected material from mergers is critical as it sets the nucleosynthetic yields. Research over the past few years has shown the impact that various approximate neutrino treatments can have. Pure neutrino leakage schemes [17, 19, 67, 68] can capture the releptonization of matter that is shock heating and decompressed. However, they cannot capture neutrino irradiation, where neutrinos emitted elsewhere (say the central compact object) stream away and are reabsorbed elsewhere. One can attempt to include this reabsorption in a parameterized way, however the few geometric symmetries present in compact object mergers generally make this difficult [69] . Since this neutrino reabsorption is critical, it necessitates the use of neutrino transport methods that naturally capture this physics. The downside of transport methods is their expense. A commonly used technique, M1 transport [62, [70] [71] [72] , can increase the number of grid variables by 100s if energydependent, multispecies transport is used. The large matter velocities and velocity gradients can also make evolving the transport equations difficult. Typically what has been done in the literature so far is so-called gray transport. In gray transport, the energy dependence of the neutrinos is ignored and suitably averaged neutrino emission rates and opacities are used. A further improvement to this method is gray+ transport, where in addition to solving the gray transport equation for the neutrino energy, an equation for the neutrino number is also solved. This gives a local estimate of the neutrino mean energy and allows for a better conservation of lepton number and a more accurate evolution of the composition [44] . While many of these neutrino scheme and methods may give an accurate estimate of the total mass ejected, they are likely not enough to capture the composition of the ejecta. For this, full energy-dependent transport will be needed going forward. Unfortunately, because of the large distances, it is difficult to detect neutrinos from neutron star mergers. However, neutrinos can be detected from galactic core collapse supernovae and the next galactic SN should provide a data set that could be of fundamental importance for nucleosynthesis both in SN and NS mergers. Nucleosynthesis and the electron fraction Y e in neutrino driven winds is sensitive to small differences between electron neutrino and [93] . Different matter ejections lead to different components (dynamic, wind and viscous ejecta) with an explicit dependence on the polar angle. Right: Peaks of the kilonova light curves in three different bands (R, J and K) as a function of the binary deformability parameterLambda. The light curves were obtained by the model referring to the left plot, using dynamical ejecta and disk properties obtained for a wide range of binary neutron star mergers performed in full GR (see David's contribution, Radice et al, in preparation).]
antineutrino spectra and fluxes. Nucleon-nucleon correlations [73, 74] , the presence of muons [75] , weak magnetism [76] , and binding energy shifts [77] can all impact neutrino spectra. Neutrino oscillations in mergers and SN are uncertain because of complex matter and nonlinear effects. This increases the importance of SN observations. It is important to have neutrino detectors that can separately measure the flux and spectra ofν e , ν e , and heavy flavor ν x neutrinos and antineutrinos. Existing water Cherenkov and liquid scintillator detectors such as Super Kamiokande should measure both the flux and spectra ofν e well. It is important to also have a good ν e detector. This should be provided by the liquid Ar detector DUNE. However, it would be very useful to calibrate DUNE for SN neutrinos by measuring the Ar charged current cross section with pion decay at rest neutrinos from, for example, the Spallation Neutron Source at Oak Ridge. Finally a neutral current ν x detector that could accurately measure the ν x spectra would also be very useful. One option would be a neutrino-nucleus coherent elastic scattering detector [78, 79] .
G. The multicomponent, anisotropic character of kilonovae (Albino Perego) Binary neutron star mergers are intrinsically multi-dimensional, multi-scale, and multi-physics processes. Sophisticated numerical models are necessary to model the dynamics of the merger and of its aftermath, and to predict the associated multimessenger observables. Weak interactions and neutrino transport are relevant in predicting the detailed composition of the ejecta and, up to a certain extend, its dynamics. In fact, the neutron abundance set by weak interactions is, together with the entropy and the expansion time scale, a crucial ingredient to compute reliable nucleosynthetic yields. The composition ultimately determines the matter opacity to photons [80] [81] [82] [83] [84] . The recent detection of gravitational waves from the inspiral of two neutron stars (GW170817), followed by the discovery of several electromagnetic counterparts of the merger, including a gamma-ray burst and a kilonova (also called macronova), provided the first direct test for the present understanding of compact binary mergers [54, 85] . In particular, the kilonova signal was characterized by a quasi-thermal emission, peaking in the UV/optical frequencies around one day after the merger, followed by the reddening of the emission spectrum on a time scale of a few days (see, e.g., [86, 87] ). Interpretations of the photometric light curves revealed immediately that observations could not be explained in terms of a single component, where a component is defined as a spherically symmetric ejection characterized by a certain amount of mass, expansion velocity and photon opacity (see e.g. [64, [88] [89] [90] [91] [92] ). Models with at least two components succeeded in fitting the observed light curves. These models are often defined as the suitable combination of single, spherical models. Thus, they often subtend correlations between the properties of the ejecta within each channel.
In a recent work [93] , we have explored if the observed light curves could be explained in terms of the properties of the ejecta, based on their present understanding and modeling. State-of-the-art simulations of merger and of postmerger have revealed that matter ejection happens through different channels. Each channel is primarily characterized by different ejection mechanisms, which operate on different time scales and provide the expanding matter with qualitatively different properties. Broadly speaking, we can identify at least three different kind of ejecta: dynamical ejecta (e.g., [4, 23, 24, 35, 40, 45] ), wind ejecta expelled by neutrino or magnetic processes [59, 69] , and viscous ejecta [7, 61, 62, 94] . Each of these processes reveals a certain degree of anisotropy. Thus, we have set up a multicomponent, anisotropic kilonova model, where we have discretized the polar angle in different slices. Within each slide, we have adopted the semi-analytical model presented in [95, 96] and explicitly prescribed a dependence of the model properties on the polar angle. In addition, we have considered variations in the nuclear heating rate due to different nuclear compositions, time-dependent thermalization efficiency [97] , and the effect of irradiation of inner on outer photospheres. The computational efficiency of our scheme has allowed a broad parameter exploration. We found that a total ejecta of 0.03-0.06 M is required by our model to explain the data. Moreover, the explicit dependence on the polar angle gave a constraint on the relative inclination between the merger axis and the light of sight of 30 o , compatible with measurements derived from gravitational wave and gamma-ray burst afterglow observations. Last but not least, we found that the presence of a suitable amount of fast expanding, low opacity (i.e. lanthanide-poor) ejecta at high latitude is required to fit the data. This result is a possible direct evidence of the role of neutrinos in setting the properties of the ejecta and in shaping the kilonova emission properties. The importance of multidimensional photon transport and the relevance of anisotropic ejecta properties have also been recently recognized. More detailed multi-dimensional radiative transfer models are necessary to address quantitative answer regarding the kilonova emission [84, 87, 98] , and to inform and to gauge computationally cheaper semi-analytical models. The latter are still a suitable tool to produce large numbers of models and to discover trends in large parameter space explorations.
H. Many Facets of Kilonova Modeling (Oleg Korobkin)
Interpreting kilonovae and linking observational data with fundamental properties of nuclear matter requires a comprehensive but pragmatic model which incorporates all essential ingredients. The latter may include ejecta morphology, composition, detailed temperature and density-dependent opacities of heavy elements, and multifrequency, multidimensional radiative transport.
Among all these aspects of kilonova modeling, detailed opacities are perhaps the most difficult to tackle. Therefore, several studies of GW170817 used an effective, frequency-independent (gray) opacity as an intermediate parameter, which can be inferred from observations and later connected to a comprehensive theoretical radiative transfer model. For the case of GW170817-associated kilonova, two components are required (see Section II G), with effective opacities κ = 1 cm 2 g −1 and 10 cm 2 g −1 .
These correspond to what is expected from light (heavy) r-process, respectively. As the LANL group demonstrated in [84] , gray opacity models produce Doppler-broadened blackbody spectra. A spectrum of such kind was observed during the first few days of GW170817, which motivates the use of gray opacity models for blue kilonovae. However, at late epochs, when the peak of emission shifts to near-IR, the spectrum deviates from blackbody quite significantly. Nevertheless, bolometric light curves [99, 100] can still be reconstructed and compared with theoretical effective nuclear heating rates, independently from radiative transfer. Note that in the case of spherical symmetry and constant gray opacity the radiative diffusion equation admits separation of variables and thus can be solved (semi-)analytically [101] . Figure 4a (taken from [99] ) demonstrates good agreement between a full radiative transfer code and the semianalytic model, but also shows that some more simplistic models -such as e.g. volume integral ones-underestimate luminosity at early times and thus tend to overpredict the mass of ejecta.
Prior to GW170817, the LANL group has developed a unique multidimensional kilonova model, incorporating simulated morphologies, atomic opacities, effective nuclear heating and multigroup Monte Carlo radiative transfer [84] . When kilonova was discovered, we were able to apply our model with different parameters for two components to fit the light curves (see Figure 4b) . The model produced estimates of masses and velocities which are more in line with predictions of numerical relativity [45] . It was recently confirmed independently in [98] , where it was shown that multidimensional nature of kilonova changes the picture.
Another facet is nuclear heating: kilonova light curves are shaped by the effective heating rates much more sensitively than by ejecta mass and velocity. However, these rates still remain highly uncertain, varying by almost an order of magnitude [102] . Recently, Zhu et al. (2018) [15] discovered a potential prominent imprint of an individual isotope 254 Cf on the nuclear heating rate.
However, since this fissioning actinide decays on a timescale of about 60 days, it will only affect kilonova when it shifts to mid-IR regime. In [15] , the LANL group has constructed an effective one-zone model for mid-IR light curves. Our theoretical predictions for JWST and Spitzer missions indicate that at certain conditions the presence of fissioning 254 Cf makes a difference between confident detection and non-detection in mid-IR.
I. Quantifying Uncertainties in Neutrino Transport Methods (Sherwood Richers)
Neutrino transport in simulations of neutron star mergers is treated in the literature with a wide variety of methods. These can range from approximate leakage schemes to two-moment transport in dynamical calculations. However, more advanced transport schemes like Monte Carlo can be used to post-process simulations to get a handle on the errors introduced by using approximate transport schemes and the relevance of different neutrino interactions [103, 104] . Monte Carlo transport calculations using on 3D snapshots of disks formed after a merger event [52] using the SEDONU code show that errors in the neutrino radiation pressure tensor are on the order of locations several percent of the total neutrino energy density, and errors in the third moment are on the order of a few percent of the total neutrino energy density. As Evan mentions, such errors in the transport method can significantly change the disk outflow mass and composition. It should also be noted that neutrinos can change flavor in merger environments in a way that could significantly affect the rate of energy deposition by neutrinos, and therefor modify winds [105, 106] . The effects of such neutrino oscillations on merger dynamics is an open question that needs to be addressed, but is computationally extremely challenging because of the resolution required to resolve neutrino oscillations. The rapid-neutron-capture ("r -") process is responsible for synthesizing many of the heavy elements observed in both the solar system and Galactic metal-poor halo stars. Simulations of r -process nucleosynthesis can reproduce abundances derived from observations with varying success, but so far fail to account for the observed over-enhancement of actinides, present in about 30% of r -process-enhanced stars. We investigate actinide production in the dynamical ejecta of a neutron star merger and explore if varying levels of neutron richness can reproduce the actinide boost [14] . The actinides are over-produced across a variety of nuclear physics choices (fission distribution, β-decay, and mass model) if the initial conditions are sufficiently neutron-rich for fission cycling. Actinide production can be so robust in the dynamical ejecta that an additional lanthanide-rich, actinide-poor component is necessary in order to reproduce observations of actinide-boost stars. A simple actinide-dilution model that folds in estimated contributions from two nucleosynthetic sites within a merger event is sufficient to dilute the actinides to observed levels in metal-poor stars (see Fig. 5 ). While the dynamical ejecta of a neutron star merger is a likely production site for the formation of the actinides, a significant contribution from another site or sites (e.g., the neutron star merger accretion disk wind) is required to explain abundances of r -process-enhanced, metal-poor stars. [107] , calculated using Th/Eu, U/Eu, and U/Th cosmochronometers. Literature production ratios that use supernovae conditions or waiting-point approximations [108] [109] [110] cannot reproduce the actinide-enhancement observed in some metal-poor, r -process enhanced stars, often predicting negative ages. Using Th and U abundances created only in a tidal ejecta environment, the actinides are overproduced, and the estimated age of the star exceeds the age of the universe. Adding a high-Ye component to simulate a disk wind sufficiently dilutes the actinides so that the three chronometers agree.
K. Galactic Chemical Evolution as a Diagnostic Tool for r-Process Sites (Benoit Côté)
There are various types of observation that provide insights into the properties of neutron star mergers, and there are various type of numerical approaches that can be used to interpret them. To define whether or not neutron star mergers can be the dominant site of the main r-process (between the second and third r-process peaks), different pieces of puzzle must be assembled to create a coherent and consistent picture. This represents a multi-scale challenge that involves diverse fields of research ranging from nuclear physics experiments to galaxy formation theories [1] . In a work in preparation (Côté, Eichler, Arcones, et al.), we address the origin of r-process elements by combining the chemical abundances of metal-poor stars [111, 112] , the chemical evolution trend of europium in the disk of the Milky Way [113, 114] , the detection of short gamma-ray bursts in different galaxies [115, 116] , and the gravitational wave detection GW170817 [54] . We then analyze each observational evidence from the point of view of nucleosynthesis calculations, compact binary population synthesis models [117] , and galactic chemical evolution simulations [118] [119] [120] [121] . In this context, we do not use galactic chemical evolution to define whether neutron star mergers are the dominant r-process site, we rather use them to provide a clue that must be combined with other clues coming from other research areas. The outcome of this work is that, although neutron star mergers are prime candidates to be the dominant r-process site, we find inter-disciplinary inconsistencies when we assume that they are the only site. In particular, short gamma-ray bursts detections and population synthesis models currently agree on the functional form of the delay-time distribution of neutron star mergers (i.e., the probability of a neutron star binary to merge after a given time). But using this delay-time distribution in galactic chemical evolution simulations does not allow to reproduce the ∼ 10 Gyr-long evolution trend of europium in the disk (not the halo) of the Milky Way [122, 123] . However, most of the inter-disciplinary tensions disappear if we assume that there is a second astrophysical site of r-process elements in the early universe, at low metallicity. This site, if it exists, should slowly fade away at later times, at higher metallicity. This is assuming that the analyzed observational evidences are all representative. This work aims to set the stage for more in-depth investigations.
L. Predictive Galactic Chemical Evolution in the era of large surveys (Brian O'Shea)
Modern astronomical surveys present significant challenges to the predominant theoretical approach used to study galactic chemical evolution -namely, one-or few-zone models with simple analytic prescriptions for galaxy growth, gas inflow, and gas outflow. Modern photometric and spectroscopic surveys (such as SDSS and its extensions, Gaia and Gaia-ESO, GALAH, RAVE, DES, and many others) provide many dimensions of both accurate and precise information about tremendous numbers of stars in the Milky Way and its satellites, including mass, age, metallicity, detailed chemical abundances, and 3D spatial and velocity information. Furthermore, these surveys have selection functions that are both inclusive and relatively easy to model, giving a statistically robust sense of the underlying population out of with the stars are sampled. The quantity and quality of this data will facilitate asking detailed questions about the evolution of the stellar IMF with redshift and environment, the nature of Population III and extremely low metallicity star formation, the properties of the site(s) of the r-process, and the relationship between stellar evolution and cosmological structure formation. Chemical evolution models that can confront these types of datasets need to be comparable levels of sophistication to modern semi-analytical models of galaxy formation, including cosmological structure formation through merger trees generated from N-body simulations (which also provides spatial and kinematic information), prescriptions for star formation, stellar feedback, and exchange of materials with the circumgalactic and intergalactic media that are motivated by astrophysical theory and observations of galaxies at a wide range of masses and redshift. [124] They also require an understanding of the uncertainties inherent in the models and their inputs, and the consequences that these uncertainties have on predictions (and thus on the ability of the models to inform our understanding). [125, 126] Furthermore, these models require sophisticated statistical tools, including Bayesian Markov Chain Monte Carlo sampling and Gaussian Process models, to effectively derive inference from a diverse range of multimessenger astronomical surveys. [127, 128] The JINA-NuGrid Galactic Chemical Evolution Pipeline has been developed over the past few years to pursue this goal. [129] After rigorous testing, the first set of scientific questions that this pipeline will be used for will revolve around a deeper understanding of the site of the r-process, simultaneously using observations from the Galactic disk, stellar halo, and ultra-faint dwarf satellites as constraints on model parameters.
M. Do actinide-boost stars have additional abundance anomalies? (Marius Eichler)
About one third of the currently known r-II stars ([Eu/Fe > +1.0]) have an enhanced Th/Eu abundance ratio compared to the solar ratio [107, 108, 130, 131] , while the yields of the lighter r-process elements agree with the solar values. All of these so-called actinide-boost stars observed so far have a very low metallicity ([Fe/H < −2.0]). Recently, [132] measured an unusually low Th/Eu ratio for a star in the dwarf galaxy Reticulum II, again accompanied by solar-like abundances in the rare-earth region. From a nucleosynthesis point of view, it is reasonable to assume that environments that lead to higher thorium abundances also produce more fissioning nuclei at the end of the r-process compared to environments with solar (or subsolar) Th/Eu ratios. Since most fission fragment distribution models predict the majority of fission fragments to be produced at or close to the second peak [133, 134] , this means that the shape of the second peak in actinide-boost stars should more closely resemble the fission fragment distribution than in the regular Th/Eu stars. This is illustrated in Figure, where we have performed r-process calculations for two different environments: one very neutron-rich trajectory [135] that results in high thorium abundances (blue) and a trajectory from a magneto-hydrodynamically driven (MHD) supernova trajectory from Ref. [136] with a moderate Y e (red). For both cases, we compare the abundances of the second peak of the full calculation (solid lines) with a case where we block fission after the fission freeze-out (dashed lines). The shaded regions therefore indicate the contribution of fission fragments to the second peak abundances. The fission fragment distribution model used here is ABLA07 [137] .
N. The r-process in neutron star mergers and supernovae (Almudena Arcones)
The r-process occurs in neutron star mergers. This has been confirmed by the observation of the decay of neutron rich radioactive nuclei as a kilonova light curve after the neutron star merger detected with gravitational waves GW170817. We have studied the nucleosynthesis and kilonova light curve of neutrino-driven winds after the merger of two neutron stars and combined it with the dynamical ejecta [138] . The nucleosynthesis of the wind strongly depends on the time that the central massive neutron star survives and on the angle of ejection. Matter ejected close to the disk is more neutron rich allowing for the production of elements up to the second r-process peak, while the matter ejected perpendicular to the disk produces only the first r-process peak. This can have consequences for the observed kilonova. Moreover, depending on the mixing of this matter with the dynamical ejecta, one can produce different abundance patterns. If both ejecta are equally mixed, the abundance pattern has high enrichment of heavy r-process elements (from second to third peak) and it is similar to the Sneden star. In contrast, if in some direction the mixing is not perfect and the wind ejecta is contaminated by a small amount of the dynamical ejecta, then the pattern is closer to the Honda star. Combining these two components of the merger ejecta one could explain abundances of many ultra metal poor stars [139] . As pointed out above, galactic chemical evolution suggests that an additional astrophysical site has contributed to the r-process at low metallicities. A good candidate are magneto-rotational driven supernovae. In these explosions, part of the matter of the outer layer of the neutron star is rapidly ejected by the magnetic field before the neutrinos can change the neutron richness. This matter collimates along jets due to the magnetic fields and fast rotation leading to a jet-like explosion. Several groups have found r-process favourable conditions along these jets (e.g., [136, 140, 141] ). However, those simulation were done with simple neutrino treatment. Based on recent simulations with M1 neutrino transport [142] , we have explored the different components of the nucleosynthesis and found proton-rich ejecta, slightly neutron-rich, and very neutron rich. Therefore, we can conclude that these magneto-rotation explosions produce a variety of nucleosynthesis going from standard neutrino-driven supernovae to the r-process. However, we find that the abundances of the third peak are relative low compared to the second peak. More simulations are necessary to understand this important contribution to the r-process at low metallicities. All neutron stars are formed as the result of massive stellar core collapse and the supernova explosions that follow. Direct multimessenger observations of NSM's [54] will reveal a wealth of information about the nature of their constituent neutron stars, but a complete picture of the population of NSM's will require a firm theoretical understanding of core-collapse supernovae (CCSNe), in which neutron stars are born. Simulating CCSNe requires many of the same physical inputs as for NSM's: high-resolution 3D magnetohydrodynamics, general relativity, microphysical nuclear equation of state, and accurate neutrino transport. This is a difficult computational challenge, necessitating approximations of various kinds. Historically speaking, emphasis has been placed on neutrino transport over general relativity in the simulation of CCSNe relative to NSM's, but that gap is slowly closing. Ultimately, identical simulation frameworks are likely to be used for simulating both NSM's and CCSNe. Thus, technical progress in either area is naturally beneficial to the other.
The last several years have seen substantial progress in our theoretical understanding of CCSNe, driven in large part but the ability to execute high-fidelity 3D simulations of the CCSN mechanism (e.g., [143] [144] [145] [146] [147] [148] ). 3D simulations of the CCSN mechanism have, so far, revealed several interesting and important aspects of the problem. First, in general, the conditions for explosion are somewhat less favorable than for 2D simulations [144, 149, 150] . This is a result of 2D being prone to exaggerated growth of key instabilities such as the standing accretion shock instability (SASI; [151] ) and the unphysical behavior of turbulence in 2D. 3D simulations have also shown that turbulence plays a key role in achieving successful explosions [152, 153] . Recent work has revealed that the 3D structure of CCSN progenitors is also an important aspect to the problem and including such 3D structure in the initial conditions for CCSN simulations generally aids in achieving energetic explosions [154] [155] [156] [157] [158] . 3D CCSN simulations have also uncovered the presence of new instabilities such as the lepton-number emission self-sustained asymmetry (LESA; [148, 159] ).
While it is now clear that the CCSN mechanism is fundamentally 3D, recent progress in 2D simulations has been, nevertheless, encouraging. There is emerging quantitative as well as qualitative agreement in the results for 2D simulations from different groups when simulating the same initial conditions [160] [161] [162] [163] . These works find similar explosion times and energies for a handful of progenitors in the mass range 12-25 M , with the only exception being [160] , who find generally earlier and more robust explosions for all progenitors simulated. Still, the broad qualitative agreement amongst results in 2D is encouraging. New efforts are underway to carry out controlled code-to-code comparisons with the goal of understanding the origin of quantitative differences in results from different groups and simulation approaches [164] [165] [166] [167] .
CCSNe arise from an incredible variety of initial conditions, a parameter spaces that includes dimensions of progenitor mass, metallicity, rotation rate, binarity, etc. In order to make more direct connection with observations, including those of NSM's, we must strive to make predictions of the population statistics of CCSNe, as well as their result neutron star and black hole remnants. In 3D, covering the entire parameter space with adequate sampling is still computationally unfeasible, but we are beginning explore these aspects more fully. The near future is likely to see continued significant progress in our understanding of massive stellar death, as well as in the our technical ability to execute these quintessentially multiphysics calculations.
P. Searching for the origin of the r-process rare-earth abundance peak with neutron-rich measurements and Markov Chain Monte Carlo (Nicole Vassh)
We now have observational indications that lanthanide material is synthesized during neutron star mergers from the electromagnetic counterpart of the multi-messenger event GW170817 [54, 85, 88] . For r-process nucleosynthesis within merger conditions, lanthanide production can vary significantly due to the astrophysical uncertainties (such as the exact neutron-richness) suggested by simulation. Uncertainties are further compounded by a limited knowledge of nuclear physics far from stability. For instance the feature suggesting an enhancement in lanthanide abundances at A ∼ 164 which is the rare-earth element peak is not robustly produced in r-process calculations. The possibility that formation occurs via a dynamic mechanism, with the r-process path encountering a local nuclear physics feature such as a subshell closure during the decay to stability [168, 169] , has remained open given nuclear physics unknowns. Promising advancements in experimental measurements, such as the recently reported neutron-rich mass measurements by the CPT at CARIBU collaboration [170] , and future radioactive beam facilities such as FRIB could soon be in a position to evaluate the viability of the dynamic mechanism of peak formation as they explore the rareearth region. Since both observational and experimental approaches relevant for r-process physics have made clear advancements, we should seek to advance the theoretical tools used to study heavy element nucleosynthesis as well. We make use of a promising, modern theoretical approach which employs the well-established statistical techniques of the Metropolis-Hastings algorithm and Markov Chain Monte Carlo (MCMC) [171, 172] . With these tools, we invert the traditional approach of evaluating nuclear mass models through their r-process abundance predictions and instead use the observational data [173, 174] for the rare-earth peak to find the nuclear masses required to fit this region. For this procedure, we make use the mass parameterization
2 /2f to make predictions for the mass corrections to the Duflo-Zuker mass model (here we set C=60 and f=10). We model 28 a N parameters for N = 93 − 120 and update separation energies, Q-values, β-decay rates, and neutron capture rates at each timestep in order to calculate the abundance prediction in a self-consistent manner. In Fig. 7 , we show results for a merger accretion disk wind scenario (a hot wind with an entropy of 30 k B /baryon, a dynamical timescale (τ ) of 70 ms, and electron fraction (Y e ) of 0.20) which undergoes a traditional, hot r-process dominated by neutron capture, photodissociation, and β-decay. Our error bars are determined from taking the standard deviation of the results from 50 independent, parallel MCMC runs. The dip in the red band mass surface of Fig. 7 at N = 104 produces an upward kink in the separation energy surface where the material which eventually forms the peak accumulates. As discussed in [170] , the local features in the mass surface predicted by our reverse-engineering analysis given these neutron star merger wind conditions are consistent with the Penning trap mass measurement data recently found by the CPT at CARIBU (black triangles in Fig. 7) . The vertical lines in the left panel of Fig. 7 show the FRIB reach at day one, year 2, and full design strengths. Measurements from the projected year two FRIB range will test this peak formation scenario by further resolving the mass information influencing the left edge of the rare-earth peak, as can be seen in the right panel of Fig. 7 . An optimistic range for the ANL N=126 Factory will reach the key N = 104 feature we find responsible for material pile-up in this scenario. Should consistency with the predicted MCMC masses be found by FRIB at full design strength, the structure of the rare-earth peak could be almost fully resolved. Since this MCMC method is intended to be used to gain new insights into the astrophysical site of rare-earth peak production, we must perform this procedure for a variety of astrophysical conditions in order to differentiate between the trends in the mass surface required to fit the rare-earth solar data. We have completed calculations for both hot and cold very neutron-rich merger dynamical ejecta conditions, as well as accretion disk winds which are colder than those considered in Fig. 7 , and look forward to direct comparisons with current and future experiment. 
Q. Nucleosynthesis and Electromagnetic Transients from Neutron Star Mergers (Luke Roberts)
After the observation of GW170817, it has become increasingly important to understand the composition of material ejected during neutron star mergers and how the composition of this material is impacted by non-equilibrium processes at high density. In particular, weak reactions occurring at high densities can strongly impact the neutron richness of material that is eventually ejected. The neutron richness of the material in turn impacts the final nuclei that are produced and the properties of any kilonova that is observed in coincidence with the merger. To produce lanthanides and actinides during the r-process, the ejecta must have Y e 0. 25 [e.g. 3] . In material that reaches high temperatures before it is ejected, electron/positron captures can substantially raise Y e from its cold beta-equilibrated value. Similarly, strong neutrino irradiation can increase the Y e of the material in situations were the spectra of the electron neutrinos and antineutrinos are similar. Both of these processes can push significant amounts of material above Y e = 0.25 and qualitatively impact the eventual nucleosynthesis products. Therefore, modeling these weak reactions in neutron star mergers is of paramount importance. Electrons and positrons are thermalized throughout the entire merger process, so electron and positron captures in the ejected material are easily tracked. On the other hand, charged-current neutrino interactions are more difficult to model since neutrinos are not thermalized and can travel macroscopic distances between interactions with the background medium. The treatment of neutrino transport in neutron star merger simulations to date has relied on approximate methods, at least compared to the state-of-the-art neutrino transport used in the supernova community. This is in part due to technical challenges that are present in mergers but not in core collapse supernovae, such as fluid velocities close to the speed of light and strong deviations from a spherically symmetric geometry. To date, most work has used energy averaged, or gray, transport either using leakage type prescriptions [4] or moment based transport [44, 175] . From this work, it is clear that the predictions of the electron fraction distribution in the ejected material is sensitive to the details of the transport descriptions used [44] . Therefore, a significant effort must be made to improve the treatment of neutrino transport and include neutrino energy dependent transport, as Sherwood and Evan discussed above. The changes induced by the transport prescriptions can be particularly important for understanding the production of the first r-process peak in mergers.
R. Primordial Black Holes and r-Process Nucleosynthesis (George M. Fuller) Detection of the gravitational wave in-spiral signal from GW170817 and observations of its accompanying kilonova dramatically demonstrate that r-process material can be ejected from a violent event in which neutron-rich matter is "mined" from initially cold neutron stars. These observations represent a spectacular achievement, perhaps heralding the advent of a golden age for multi-messenger, time domain astronomy. As to be expected with such impactful observations, many questions are answered, and new questions arise. One question posed is whether compact object mergers produce all of the r-process, in particular the heaviest r-process species, the actinides.
Simulations of binary neutron star mergers and (non-extreme mass ratio) black hole-neutron star binary mergers show that ejection of neutron-rich material is to be expected in these events. However, these events can be accompanied by significant neutrino radiation. Other than the "tidal tail" material tidally torn out of the stars before they touch, the other ejecta r-process sources, outflow directed perpendicular to the disk, and material outflowing along the disk might (depending on outflow speeds and neutrino flavor physics) have its neutron excess reduced by neutrino and antineutrino charged current captures on nucleons. We do not know whether this is problematic for production of the heaviest r-process species in these events. Nevertheless, it is interesting to consider other potential r-process sources and what the chemical evolution and transient astronomy implications of these may be.
We do know from observations of abundances on the surfaces of stars in Ultra-Faint Dwarf UFDs) galaxies that r-process nucleosynthesis is likely to be a relatively rare event (see Anna Frebel's contribution in this volume). Though the binary neutron star merger rate and ejection mass properties may be consistent with producing the bulk of the r-process, other sources are not yet precluded.
For example, it has been argued by Fuller, Kusenko, and Takhistov, Ref. [176] that a significant fraction of the r-process inventory, perhaps all of it, could be produced by rare captures of tiny primordial black holes (PBHs) by neutron stars. PBHs with masses in the range 10 −14 M < M PBH < 10 −8 M , if they comprise a few percent or more of the Dark Matter, are ideal in this regard. A PBH impacting a neutron star, and then losing energy through Landau damping (dynamical friction) in the star's dense nuclear matter, can be captured and sink to the center of the star. Through accretion of the dense matter at the center, this black hole will grow and eventually consume the entire neutron star. If this PBH capture process involves a millisecond-period neutron star, the resulting spin-up, as the star shrinks in radius, can result in centrifugal ejection of a few tenths of a solar mass of cold, ultra-neutron rich matter. This could result in a classic high neutron-to-seed ratio r-process with fission cycling. The details of the r-process abundance pattern in this scenario have yet to be simulated and probably depend on the centrifugal mass ejection history. Unlike a binary neutron star merger event, this PBH capture process likely will not result in significant neutrino emission, removing any worry about neutrino reprocessing of the neutron-to-proton ratio.
The ejection of this amount of neutron-rich matter likely would result in a kilonova-like electromagnetic display, albeit one not accompanied by a gravitational wave in-spiral signal. This feature would provide a means for observational discrimination between compact object mergers occurring within the 200 Mpc sensitivity limit of aLIGO, aVIRGO, and KAGRA and, for example, the PBH capture scenario.
Interestingly, as shown in Ref. [176] , millisecond pulsar statistics in the Galaxy and r-process chemical evolution histories, including constraints on these from the UFD observations, are consistent with this PBH-capture scenario. Moreover, this scenario is also consistent with the Dark Matter spatial distribution in the Galaxy and UFDs. We would then expect the bulk of r-process production in the PBH-Neutron Star capture scenario to take place where the Dark Matter and millisecond period neutron star densities were coincidentally high. For example, higher densities of both occur in the Galactic Center; but in globular clusters, where millisecond pulsars are numerous, there may not be much Dark Matter. It is interesting that two great mysteries, the origin of the r-process and the nature of the Dark Matter, may have a connection.
III. OBSERVATIONS OF R-PROCESS ELEMENTS
A. Abundances determination uncertainties in r-process stars (Rana Ezzeddine)
Accurate determination of the chemical abundances of (r)apid neutron-capture enhanced stars hold important clues to our understanding of the different r-process enhancement populations (r-II, r-I, limited-r, etc ..) [112, 177] , which could essentially allow us to characterize their different formation channels.
Determining the atmospheric stellar parameters of the star, including effective temperatures (T eff ), surface gravities (log g), metallicities ([Fe/H]) and micro-turbulent velocities (ξ t ) is a fundamental cornerstone in any abundance study. These parameters are commonly determined via spectroscopic methods which entails iteratively changing those parameters by removing any abundance trends of Fe I lines as a function of excitation potential (χ) and line strengths (log(EW/λ), where EW is the equivalent width of the line), as well as minimizing the average abundance differences between Fe I and Fe II. Chemical abundances in stars are then derived by calculating the emergent flux of for a given T eff , log g, [Fe/H] and and chemical composition and comparing it with observations (spectra, or EW ). Most models of radiative transfer used to determine stellar abundances adopt the assumption of Local Thermodynamic Equilibrium (LTE). However, departures from LTE conditions in the atmospheres of stars may significantly affect determinations of both stellar parameters and chemical abundances, in particular the determinations based on spectral lines of minority species [178] . Low metallicity stars can suffer from large deviations from LTE. The departures coefficients from LTE of the ground Fe I level populations (defined by b = n NLTE /n LTE ), as a function of optical depths (log τ 5000Å ) are shown in Figure 8 for two iron-poor stars, as well as the Sun for comparison. The departures grow larger from LTE toward stars with lower metallicities and extended atmospheres [179] . This is due to decreasing number of electrons donated by metals contributing to collisional rates which create "thermal equilibrium" conditions. Thus non-LTE modeling of the spectral lines of these stars becomes vital for r-process stars which are typically iron-poor ([Fe/H] < −1.0) [112] .
We thus present a comprehensive NLTE Fe I/Fe II grid computed with 1D MARCS model atmospheres [180, 181] The R-Process Alliance (RPA) is a collective effort of observers, theoreticians, modelers, and nuclear experimentalists with the goal of identifying and understanding the astrophysical site(s) of the r-process. The RPA is presently in the midst of a 5-year observational effort to quadruple the number of known highly r-process-enhanced (r-II) stars in the halo of the Galaxy, increasing the numbers of such stars from ∼25 to ∼100.
The first phase of this project, now completed, was the identification of a large sample of bright (V < 14.0) stars with [Fe/H] < −2.0, and with temperatures suitable for the detection of the element europium (Eu) (4500 < T eff < 5500 K). Over 3000 such candidates have now been validated with atmospheric parameters calculated from medium-resolution spectroscopy. Phase II of the RPA involves taking moderately high-resolution (R ∼ 30, 000), modest signal-to-noise (S/N ∼ 30) "snapshot" spectroscopy of these candidates, in order to identify the approximately 3-5% of them that have [Eu/Fe] > +1.0, identifying them as r-II stars. The Phase II pilot surveys have already identified 16 new r-II stars, with more expected once the data are fully reduced and analyzed ( [182] , [183] , Sakari et al., in prep, Ezzeddine et al., in prep.). A total of over 950 snapshot spectra have been taken to date, roughly one-third of the eventual goal. Figure 9 summarizes results from the reduced and analyzed snapshot spectra, which only represent a subset of the data in hand.
Phase III of the RPA is to obtain higher resolution (R ∼ 60, 000), higher signal-to-noise (S/N ∼ 100) "portrait" spectroscopy of the most interesting r-process-enhanced stars identified during Phase II. Papers describing a number of these stars have already been published or are in press (e.g., [184] [185], [186] , [107] ), including several with measured abundances of both Th and U.
It is estimated that the remaining Phase II observations will required another 2-3 years; Phase III is executed in parallel, so should be completed on roughly the same schedule. The RPA has already begun the effort to account for the nature of the so-called "actinide boost" stars (e.g., [14] ), and to explore the constraints that the observed frequencies and distribution of [Eu/Fe] and [Eu/H] place on possible astrophysical origin(s) of the r-process, which is Phase IV of this effort. It is expected that new measurements of isotopes involved with the production of r-process elements, Phase V of the RPA, will provide new constraints, and raise new questions, which can then be explored with the observations already collected during previous phases of the RPA. Major astronomical advances in understanding the nature of the r -process are a result of new environmental constraints that have become available in the last three years. Key examples include the detection of many highly r -process-enhanced stars in the ultra-faint dwarf galaxy Reticulum II [187, 188] , analysis of the electromagnetic counterpart of a pair of merging neutron stars detected in gravitational waves (GW170817; e.g., [87, 88, 90, 189] ), and the analysis of the kinematic properties of a large sample of highly r -process-enhanced field stars [190] . The occurrence frequency and initial baryonic mass of Reticulum II favored a single, high-yield (M Eu ∼ 3 × 10 −5 M ; [187, 191] ) event, like a neutron star merger. The colors and delay timescale of the electromagnetic counterpart of GW170817 demonstrated that merging neutron stars can host high-yield r -process nucleosynthesis events. Precise kinematic and orbital properties of r -process-enhanced stars can now be calculated thanks to the second data release from the Gaia satellite. Their kinematics indicate that these stars were likely formed in environments like low-mass dwarf galaxies that were disrupted by the Milky Way, and that a single nucleosynthesis site could dominate production of the r -process elements in all environments, including the disk of the Milky Way. These three independent lines of evidence point to low-frequency, high-yield events like neutron star mergers as the dominant sites of r -process nucleosynthesis.
D. Stellar Spectroscopy and Possibilities for Kilonova Spectroscopy (J. E. Lawler)
Analysis of r-process elements in stellar photospheres has advanced with the use of accurate absolute atomic transition probabilities or log(gf )s [192] . Extensive use of experimental techniques for radiative lifetime measurements from laser induced fluorescence in combination with emission branching fractions from Fourier transform spectroscopy has yielded many atomic transition probabilities with log(gf ) uncertainties as small as a few × 0.01 dex [193] . Emergence of a consistent r-process abundance pattern in five different metal poor stars matching the Solar System r-process pattern indicates that r-process nucleo-synthesis has been stable across space and time [192] . The early UV portion of kilonova light curves will likely yield important new information on the r-process. Although sharp line spectroscopy may not be practical due to large (first order) Doppler shifts from ejecta speeds ranging up to several tenths of the speed of light and from the emission of material in wide range of directions, there is still some possibility for spectroscopic structure from ion lines in the early UV portion of the light curve. A reduction of Doppler shifts in a kilonova observation with favorable orientation is a possibility. Kilonova spectra in the UV from more highly ionized material might also reveal structure if the relevant electron configurations are simpler. Laboratory astrophysics on heavy elements that are few times ionized will be essential for interpretation of any structure and for opacity evaluations in the early UV portion of kilonova light curves. The number of known energy levels of heavy element spectra decreases rapidly as one moves from neutral, to singly ionized, to few times ionized species. Analysis of the spectra to first identify the upper and lower levels of spectral lines (to classify the lines) and to label levels with appropriate configurations and terms (to assign the levels) is largely absent for few times ionized heavy elements. Such a classical analysis of a spectrum is a first step before atomic transition probabilities are determined. Neutron star merger statistics are likely to improve more rapidly than observations of kilonova light details. GW detectors are steadily increasing in sensitivity and thus will yield both larger monitored volumes and better event statistics. Sensitivity/distance scaling of a GW amplitude sensor is more favorable than that of telescopes and electromagnetic detectors which are energy sensitive. The next generation of large space telescopes and 30 to 50 m ground based telescopes will be very important to studies of kilonova light details.
E. Imprints of Single-Isotope Decay in Kilonova Light Curves (Jennifer Barnes)
The radioactive decay of unstable nuclei synthesized by the r-process is the source of kilonova luminosity. However, radioactive energy initially takes the form of energetic photons and highly kinetic beta-and alpha-particles and fission fragments. These particles thermalize in the ejecta, upon which their energy is converted to heat and re-emitted as the thermal radiation that comprises the kilonova light curve. In recent years, these thermalizing processes have been studied both analytically [194, 195] and numerically [97, 196] . Though most radioactive energy from the r-process is emitted in beta-decays, alpha-decay and fission can be important sources of kilonova luminosity for two reasons. First, a typical alpha-decay (fission) releases a factor of 5-10 (∼100) more energy per decay than a typical beta-decay. Second, this energy thermalizes more efficiently in the merger ejecta [97] . This introduces the possibility that a single decaying isotope, if its decay energy and thermalization were sufficiently high, could supply a substantial fraction of the luminosity on timescales close to the isotope's decay timescale. The effect is likely to be particularly strong is the isotope is long-lived, in which case the energy the energy will be injected against a low-power background formed from beta-decays of decreasing energy and frequency. Understanding these signatures is important for estimating ejecta masses, and may also be a useful probe of the composition burned in the merger that generated the kilonova. One example of such in imprint was discussed in [15] and is summarized in III F.
F. Californium-254 and Kilonova Light Curves (Yonglin Zhu)
In the 1950s, before it was known that supernova light curves were driven by the decay of nickel and cobalt, it was speculated that they might be driven by r-process nuclei, for example, the heavy, long-lived, neutron-rich Californium-254 [197, 198] . Californium-254 has a measured half-life of 60.5 ± 0.2 days [199] with spontaneous fission as the dominant decay mode.
With the recent detection of the electromagnetic counterpart to the gravitation wave signal, GW170817, of two merging neutron stars (NSMs), the issue of the radioactive decay of Californium-254 in light curves has resurfaced [15] . The observed signals in X-ray, UV, Optical, IR, and radio have been interpreted as coming mainly from freshly synthesized r-process nuclei by many authors (e.g. [189] ). Ref. [15] has explored several issues concerning the nuclear physics of Cf-254 production and its role in kilonova heating. With its long half life and high Q-value of 200 MeV, Cf-254 creates an unique imprint of the nucleosynthesis of actinide material. Comparing the resulting synthetic light curves to observational data in the right panel of Fig. 10 , we see that the case without spontaneous fission results in dimmer light curves by almost two magnitudes in the near-infrared JHK-bands at twenty-five days after explosion. We conclude that the late time light curve is an important diagnostic for the production of the actinides. 
G. Is the R-Process the Only Source to Produce Barium at Extremely Low Metallicity? (Jinmi Yoon)
Carbon-enhanced metal-poor (CEMP 1 ) [200] stars are important astrophysical tracers of various nucleosynthetic processes, including the neutron-capture processes, that occurred in the early Universe. Here, we report on an indirect test of the role of that the r-process played on Ba production in the extremely metal-poor environment, based on the frequencies of CEMP stars as a function of metallicity, using a large data set from a medium-resolution (R ∼ 1300) spectroscopic survey (AEGIS survey, [201] ). We calculated the frequencies of one of the dominant CEMP subclasses, the CEMP-s stars (possibly including CEMP-i stars), whose origin is associated with binary mass-transfer of asymptotic giant branch (AGB) stars [i.e., [202] [203] [204] [205] along with another dominant sub-class, the CEMP-no stars, whose progenitors are likely massive first stars [i.e., [206] [207] [208] . We made use of the characteristically higher absolute carbon abundance, A(C) 2 ≥ 7.1 for CEMP-s stars, to isolate them from CEMP-no stars with lower A(C) [208] . This method is a much more efficient way to classify the dominant CEMP sub-classes than the conventional method of using high-resolution spectroscopic abundances of [Ba/Fe] > +1.0; it has been shown to be just as effective as the conventional method. The frequencies CEMP-s stars were calculated for the first time in this study, and are shown along with those of the CEMP-no stars in Figure 11 . The frequencies of the CEMP-s stars are substantially lower than those of the CEMP-no stars and, interestingly, remain almost constant at a value of ≈10% at [Fe/H] −2.0, even at metallicities close to [Fe/H]∼ −4.0. This behavior may indicate that metallicity does not have a significant impact on the operation of the s-process. More importantly, the non-zero CEMP-s frequency at the lowest metallicity challenges that notion that the r-process is the only source to contribute Ba production at [Fe/H]< −3.0. Perhaps the s-process and/or i-process may contribute to Ba production through AGB stars or rapidly rotating high-mass stars (spinstars, see [i.e., 206]), even before neutron star merger events had first happened. This may alter, at least to some degree, our current understanding of the role of the r-process in nearly chemically pristine environments. However, at present, the number statistics at [Fe/H]< −3.5 is still too low to be clear on these points. We plan to use larger data sets such as SDSS/SEGUE to further explore whether or not this constant rate at low metallicity is a reliable estimate. 
IV. THEORY OF NEUTRINOS, NEUTRON-RICH NUCLEI, AND DENSE MATTER
A. Constraining the Equation of State and the termination of the r-Process from GW170817/GRB170817A (Grant J. Mathews)
Never in my lifetime has Nature revealed herself in such a magnificent way as the combined gravity waves from GW170817 [54] and the associated multimessenger [85] gamma-rays from GRB170817A, along with the observations in X-ray, UV, Optical, IR, and radio of the kilonova evolution. In my mind there are two valuable revelations for nuclear physics that we have gleaned from this event. The deduced tidal polarizability [54] of the neutron stars has placed a valuable independent constraint on the compactness of neutron stars. This in turn constrains the nuclear equations of state to those of modest radii (e.g. [54, 211] ). A follow-up analysis of the Chirp based on studies [212] we completed just months before the event suggests that the constraint on radii may even be stronger. This may pose a new dilemma for nuclear physics. The equations of state that satisfy the compactness constraint can barely achieve a maximum mass of 2 M . While at the same time there are a number of neutron stars in X-ray binaries that appear to have a mass of ≥ 2.5 M [213] . Although the error bars are large, if the maximum mass turns out to be that large, then there is something very fundamental that is not understood about the nuclear equation of state. One possibility is a transition between soft to stiff somewhere in the interior of neutron stars. A second outcome of the observed kilonova that I find very intriguing is the possible evidence [214] of Cs and Te absorption features in the kilonova spectrum in the days following the event. These are exactly the elements one would expect if the A = 130 peak were formed in the r-process. In [215] we pointed out that there would be a very different r-process abundance distribution emerging from neutron star mergers depending upon whether the r-process path terminates near Asim285 or 300. Based upon the KTUY model we showed that there may be no A = 130 r-process peak in the latter case for which symmetric fission is predicted, while the asymmetric fission yield distribution for a termination near A ∼ 285 would lead to robust r-process peaks. The presence of Cs and Te absorption features would confirm the existence of the A = 130 peak confirming the termination of the r-process at lower mass numbers. Clearly, there is a need for better determination of fission barriers and yields as discussed at this workshop. There is also a need for data from more neutron-star merger events and determinations of neutron-star masses to resolve the developing dilemma of the equation of state for neutron-star matter.
B. Role of phase transition in the tidal parameters of binary neutron stars (Sophia Han)
During the late stage of binary neutron star inspiral, while tidal effects are the largest to measure, the gravitational wave signal is too complex relying on the prediction from numerical simulations. Flanagan and Hinderer [216, 217] pointed out that in the early part of the phase evolution, a small but clean signature is also measurable, which can be characterized by the EoS-dependent tidal deformability λ and Love number k 2 . A recent binary neutron star (BNS) merger event GW170817 detected by the LIGO-Virgo (LV) collaboration [218] placed a first constraint on the dimensionless tidal deformability Λ, however in that analysis the EoS dependence of two individual neutron stars were treated uncorrelated. Employing the quasi-universal relation Λ a (Λ s , q) [219, 220] , Refs. [221, 222] reanalyzed the data and claim limits e.g. on the Λ value for 1.4 M neutron star to be 70 ≤ Λ 1.4 ≤ 580 (at 90% confidence level) for low spin priors, but possible phase transitions were not taken into account.
It has been realized that assuming two individual neutron stars obey the same normal nuclear matter EoS, the weighted average tidal deformabilityΛ in the BNS system as a function of the chirp mass M = (m 1 m 2 ) 3/5 /(m 1 + m 2 ) 1/5 which can be accurately measured during the inspiral, is relatively insensitive to the unknown mass ratio q = m 2 /m 1 . We investigate how the degeneracy is altered when a sharp first-order phase transition from normal nuclear matter to quark matter takes place in the interior of neutron stars, and determine the most sensitive phase transition parameter to tidal deformation in the binary. For hadronic EoSs, there is a small spread of k 2 values, and the trend with varying neutron star masses are similar; for self-bound strange quark stars (SQS), k 2 behavior is qualitatively different with much higher values [223] . The generic feature for both k 2 (M ) and Λ(M ) in the context of phase transition is the abrupt change above the transition pressure p trans , where a dense quark core emerges (if there is a stable branch). We find that the lowest value of the dimensionless tidal deformability for a neutron star with typical mass is given by the dense matter equation of state (EoS) that characterizes sharp phase transition in its interior around nuclear saturation density, transforming from soft hadronic matter to stiff quark matter. The two separate families, purely-hadronic stars and stable hybrid stars, could potentially be distinguishable in the future if more data from advanced LIGO of binary neutron star mergers were to even lower the upper limit ofΛ, or provide a refined range estimate for given chirp mass statistically from multiple events. It is of great interest to study how possible phase transitions would modify theoretical predictions for e.g. post-merger GW signal, density and temperature evolution of the merger remnant [224] , ejecta mass, kilonova light curves, and r-process abundances.
C. Neutrinos and nucleosynthesis (A.B. Balantekin)
Astrophysical environments where various nucleosynthesis processes may take place also contain a very large number of neutrinos and antineutrinos. Energy spectra of electron neutrinos and electron antineutrinos determine neutronto-proton ratio, a controlling parameter of nucleosynthesis. Hence neutrino properties, and especially processes which would alter their flavor content, directly impact element formation. The emergent phenomenon of collective neutrino oscillations arises from neutrino-neutrino interactions in environments with very large number of neutrinos. Since such environments are likely sites of heavy-element synthesis, understanding all aspects of collective neutrino oscillations seems to be necessary for a complete accounting of nucleosynthesis. The exact eigenvalues and the eigenstates of the Hamiltonian describing collective neutrino oscillations can be written in terms of the solutions of a set of Bethe ansatz equations and for the single-angle approximation, where the angles between the momenta of the scattering neutrinos is averaged over, these equations take a particularly simple form [225] . Finding the roots of the Bethe ansatz equations, because of their nonlinear nature, to obtain an exact solution of the collective oscillations is very difficult. Typically calculations of the collective neutrino oscillations in the literature use the mean-field approximation: The two-body term in the Hamiltonian is replaced by a product of a one-body operator and an appropriately chosen average of a second one-body operator, i.e. a test neutrino interacting with a"mean-field" created by all the other neutrinos. A solution in the single-angle approximation was recently given without using the mean field approximation [226] . Assuming that the conditions are perfectly adiabatic, it was shown that an initial state which consists of electron neutrinos and antineutrinos of an orthogonal flavor develops a spectral split at exactly the same energy predicted by the mean field formulation.
D. Uncertainty quantification through Bayesian machine learning (W. Nazarewicz)
In the context of many structural and astrophysical applications, the challenge is to carry out reliable model-based extrapolations into the regions where experimental data are not available. To this end, one can improve a theory's predictive power by comparing model predictions to existing data. Here, a powerful strategy is to estimate residuals by developing an emulator for δ(Z, N ) using a training set of known data. An emulator δ em (Z, N ) can, for instance, be constructed by employing Bayesian approaches, such as Gaussian processes, neural networks, and frequency-domain bootstrap [227] [228] [229] [230] [231] [232] [233] . The unknown separation energies can then be estimated by combing theoretical predictions and estimated residuals. It is worth noting that by developing reliable emulators δ em (Z, N ), which take into account correlations between data for different nuclei, one can significantly refine mass predictions and estimate uncertainties on predicted values. Moreover, since the surface of residuals δ(Z, N ) contains important insights about model deficiencies, by studying the patterns of δ em (Z, N ) one can make progress in developing higher-fidelity models. In order to improve the quality of model-based predictions of nuclear properties of rare isotopes far from stability, we considered the information contained in the residuals in the regions where the experimental information exist. As a case in point, in Ref. [234] , we discussed two-neutron separation energies of even-even nuclei. A similar strategy of correcting model predictions outside the training domain by estimated residuals has recently been applied in Ref. [232] . The new aspect of our work is that we apply the Bayesian method to provide a full quantification of the uncertainty surrounding the point estimate.
E. Nuclear fission theory (Nicolas Schunck)
Nuclear fission remains one of the most complex scientific problems; see left panel of Fig.12 for a schematic description. Early models of fission based on the macroscopic-microscopic approach to nuclear structure have been very successful in explaining a number of qualitative and semi-quantitative features of the fission process, such as the existence of fission isomers and asymmetric fission; see [235] [236] [237] for reviews. In recent years, these approaches have been complemented by direct simulations of fission dynamics based on various approximations to the stochastic Langevin equation [238] [239] [240] [241] [242] [243] . In the short term, such models might have the greatest potential to improve on our understanding of the role of fission in the r-process because they lend themselves relatively well to large-scale calculations. However, this class of methods do not treat quantum many-body effects explicitly and mostly ignore nuclear interactions between nucleons. As a result, the theory is not consistent (there is a risk of over-fitting its various parameters) and its predictive power may be limited. The fissioning nucleus may be in its ground-state (spontaneous fission) or formed in a nuclear reaction (neutron capture, photofission, etc.). The de-excitation of the fission fragments through neutrons and γ emission and their β-decay back to stability change the charge and mass distributions. Right: example of primary fission yields computed in the time-dependent generator coordinate method of nuclear density functional theory.
Nuclear density functional theory has emerged in recent years as a viable alternative for a comprehensive theory of nuclear fission [244] . It is a fully quantum mechanical description of the nucleus. Information about in-medium nuclear forces is encoded in the energy density functional, which can be used to rigorously compute ground-state properties, response functions (as in β-decay or γ-emission), time-dependent phenomena, including fission. In the past 5 years alone, DFT simulations of fission have shown spectacular progress, including accurate predictions of fission fragment distributions in neutron-induced [245, 246] and spontaneous fission [247, 248] , spontaneous fission half-lives [249, 250] , real-time simulations of fission events and properties of the fission fragments [251] [252] [253] [254] [255] or applications to r-process elements [256] [257] [258] . The right panel of Fig.12 shows but one single example of what is now possible. While DFT provides a consistent, global framework for nuclear calculations, putting everything together (masses, decay rates, fission fragment distributions, etc.) into a single calculation of r-process abundances will require very large computational capabilities and substantial effort on code development. Maintaining and developing US-based workforce with the right skills will also be essential.
F. Termination of the r process via fission (Matthew Mumpower)
In the most extreme neutron-rich environments of merging neutron stars the extent of heavy element nucleosynthesis is limited by the process of fission where heavy nuclei break up into lighter fragments. It is of particular importance to determine the details of this termination and the extent to which the heaviest elements can be synthesized as the fragment yields may play a large role in determining the final abundances observed in the fission product region. Studies have shown that the primary fission channels in the r process are neutron-induced and β-delayed fission [133, 259] which gives focus to theoretical efforts in the community in addition to the description of fission yields. The current state-of-the-art theoretical description of β-delayed fission relies on the initial population of excited states from Quasi-particle Random Phase Approximation (QRPA) as well as model inputs from statistical Hauser-Feshbach theory which include the neutron optical potential, γ-ray strength function and nuclear level density. Many of these theoretical input models can be constrained with experiments on lighter radioactive nuclides closer to stability offering a path forward to understanding the extrapolation of these models to the region of heavier nuclei. Observations also play a key role, for instance, the brightness of the kilonova at late-epochs in the near-and middle-infrared on the order of 100 days or longer may point to the production of actinide nucleosynthesis from the spontaneous fission of 254 Cf [15] . Thus the challenges faced by the various communities in nuclear astrophysics naturally have a symbiotic relationship. This has been encapsulated by the stimulating discussions and exciting collaborations being formed at this workshop. I look forward to the strengthening of this community in the wake of the light and gravitation waves from GW170817.
G. A new set of neutron-induced fission rates from energy density functional calculations (Samuel A. Giuliani) A reliable calculation of the nuclear properties of r-process nuclei and their stellar reaction rates is a crucial ingredient in the estimation of nucleosynthetic yields from neutron star mergers (NSM) and the associated kilonova event (see, for example, contributions from Arcones, Barnes, Eichler, Liddick, Lippuner, Spyrou). In the case of tidal ejecta (Perego, Radice) and accretion disk (Siegel) , where material is predicted to be extremely neutron rich, particular attention has to be paid to the fission properties of heavy and superheavy nuclei (Mumpower, Vassh, Zhu) . Due to the extreme difficulties in modeling the fission process from pure microscopic arguments, several approximations are introduced in the calculation of fission probabilities, bringing a large uncertainty in the estimation of fission rates and fission fragments distributions (Schunck) . Moreover, the nuclear structure models employed in the calculation of fission properties are usually different from those employed in the estimation of nuclear masses. This inconsistency can potentially limit our capability to extract reliable information from sensitivity studies of r-process abundances on different nuclear input.
In order to address these problems we employ the energy density functional (EDF) approach to compute the fission properties of r-process nuclei. A new set of neutron-induced reaction rates is obtained using the fission barriers, collective inertias and nuclear masses predicted by the BCPM functional combined with the Hauser-Feshbach statistical model [258] . Compared to the traditional stellar rates obtained from the FRDM mass model and Thomas Fermi barriers [260] , we found that the BCPM rates favour the pile-up of material around mass number A ∼ 280 [261] . This accumulation is due to the combination of larger fission barrier and shell gap energies predicted by BCPM around the neutron magic number N = 184. In a further effort to provide a consistent nuclear input suited for r-process calculations, we employed the stochastic Langevin framework to compute fission fragments distributions using the potential energy surfaces and collective inertias predicted by different EDF's [248] . Using the 294 Og as a test case we find that a highly-deformed fission decay, also known as cluster emission, is predicted for this nucleus independently of the choice of the functional. This result suggests that the EDF+Langevin scheme used for the calculation of fission yields is rather robust, giving a certain confidence for its employment to the case of r-process nuclei.
H. Neutron capture rates away from stability for astrophysics applications (Georgios Perdikakis)
Efforts to solve the puzzle of the synthesis of elements heavier than iron depend critically on the micro-physics input to astrophysics models. Ideally, a reliable set of experimentally measured neutron capture rates for most of the nuclei involved in the r-process is required. Due to the technological limitations that prevent as from developing a reaction target made out of neutrons or some other equivalent accelerator apparatus, we can not currently use the available radioactive beams to directly measure neutron capture reactions on short-lived nuclei. Hence, neutron capture rates for r-process currently come from theoretical calculations that contain a large number of not adequately constrained parameters. It is the consensus of the community that these calculations infer large uncertainties to astrophysics calculations.
Great promise for experimental constraints is demonstrated by two experimental developments. Indirect techniques that aim at deducing the neutron capture cross section from transfer reactions such as the surrogate reaction technique (see contribution from J. Cizewski) and the β-Oslo technique that is able to directly deduce statistical nuclear properties experimentally (see contribution from A. Spyrou). Both techniques are to a certain extent model dependent and the development of reliable reaction theory would benefit future developments in this field.
To evaluate the yield outcome of various astrophysics scenarios we need to be able to reproduce in nucleosynthesis calculations, complex features of abundance yield patterns. For such comparisons to be meaningful, uncertainties in the nuclear input that affect nucleosynthesis calculations have to be identified, and their influence evaluated. To address this need we take a look at the sources of uncertainty that are most influential to the extrapolation of HauserFeshbach calculations away from stability and trace them back to the theoretical description of model ingredients that mostly influence neutron capture reaction rates, namely the level density, and the gamma-ray strength distribution. We calculate reaction rates using a number of adequate level density and gamma strength models for the neutron-rich isotopes of elements from oxygen to uranium. Then we compare the results of different calculations for each reaction rate and we calculate the ratio of minimum to maximum result for temperatures up to 10GK. We find results that vary up to a few orders of magnitude for each reaction rate. We show how the combined effect of inconsistent model predictions for the level density and the γ-ray strength create increased uncertainty and reduce the reliability of neutron capture rates away from stability. Based in these results it is clear that improvements in the current reaction theory and in particular the development of better microscopic models for gamma strengths and level densities is imperative as long as we are using the Hauser-Feshbach theory to calculate neutron capture rates.
I. Nuclear transitions for the r-process in Relativistic Nuclear Field Theory (Caroline Robin, Elena
Litvinova)
The modeling of astrophysical processes requires the knowledge of excitation spectra, decay and reaction rates of a large number of nuclei, especially those at the drip-lines and, therefore, relies on theoretical models of nuclei which should be as universal, consistent, precise and predictive as possible. This area of nuclear physics is becoming particularly exciting as FRIB will enable the production of a large portion of unstable nuclei, and will be a great test of the theoretical predictions. The r-process nucleosynthesis, which consists of an alternation of beta-decay and neutron capture, requires a consistent description of electromagnetic and spin-isospin transitions, first of all, electric dipole and Gamow-Teller in the (p,n) channel, in mid-mass to heavy nuclei. In this context, methods based on the density functional theory (DFT), or mean field approximation, such as the (quasiparticle) random phase approximation ((Q)RPA) [262] are largely used as they are applicable to a wide range of masses. Such methods, however, typically suffer from a lack of inter-nucleon correlations in their description of nuclei, leading to a poorly detailed description of nuclear excitation spectra. While the (relativistic) QRPA ((R)QRPA) describes nuclear vibrations as superpositions of one-particle-one-hole (1p-1h), or two-quasiparticle (2 qp), excitations on top of the ground state, the relativistic nuclear field theory, which has been developed during the last decade (see e.g. References [263] [264] [265] [266] [267] ), goes a step further by considering the coupling between single nucleons and collective vibrations of the nucleus. Such coupling allows the resummation of meson-nucleon dynamics up to infinite order in the nucleonic self-energy, and introduces complex 2p-2h, or 4 qp, configurations in the nuclear response. This method has been applied to the description of electric dipole transitions and neutron-capture rates in Ref. [268] . Compared to the RQRPA level, the fragmentation of the strength distribution caused by the quasiparticle-vibration coupling (QVC) mechanism typically leads to an important improvement when comparing to the available experimental data. Neutron-capture rates were found to be very sensitive to the position of the dipole Pygmy resonance which is affected by complex correlations of the nucleons. On the charge-exchange side, Gamow-Teller (GT) transitions in open-shell nuclei were investigated in Refs. [266, 267, 269, 270] . As in the neutral channel the spreading mechanism caused by QVC systematically improves the comparison with the experimental data. The fragmentation and shift of the low-energy Gamow-Teller strength also brings the beta-decay half-lives in much better agreement with the experimental ones, considering a bare value of the weak axial coupling constant. The next step would be the calculation of consistent beta-decay and neutron-capture rates of a large quantity of nuclei, to investigate their impact on r-process simulations. The latest development of the formalism in the proton-neutron channel include the treatment of complex ground-state correlations induced by QVC, as well as the introduction of the proton-neutron interaction in the pairing channel derived from the same meson-exchange interaction already used in the particle-hole channel, without introducing any extra free parameter. Such effects appear important when going towards N = Z, or when calculating GT transitions in the (n,p) channel in nuclei with N > Z. These new correlations are therefore expected to have a great impact on e.g. the calculation of electron-capture rates in core-collapse supernovae.
Recently, the response theory including the particle-vibration coupling effects was extended to the case of finite temperature [271] . For this purpose, the time blocking approximation to the time-dependent part of the in-medium nucleon-nucleon interaction amplitude was adopted for the thermal (imaginary-time) Green's function formalism. We found, in particular, that introducing a soft blocking, instead of a sharp blocking at zero temperature, brings the Bethe-Salpeter equation to a single frequency variable equation also at finite temperature. The method is implemented self-consistently in the framework of Quantum Hadrodynamics and designed to connect the high-energy scale of heavy mesons and the low-energy domain of nuclear medium polarization effects in a parameter-free way. In this framework, we investigated the temperature dependence of dipole spectra in even-even medium-heavy nuclei with a special focus on the giant dipole resonance's (GDR's) width problem and on the low-energy dipole strength distribution. The obtained results are consistent with the existing experimental data on the GDR's width and with the Landau theory, explain the critical phenomenon of the disappearance of the GDR at high temperatures and predict the evolution of the low-energy dipole strength with temperature taking into account spreading effects. For instance, a noticeable enhancement of the low-lying dipole strength has been found at the conditions corresponding to the radiative neutron capture. The temperature dependence of the Gamow-Teller resonance was also investigated and found to be even more sensitive to moderate temperatures. For more predictive conclusions about the potential impact of the finitetemperature effects on the r-process nucleosynthesis, continuum and superfluid pairing should be included into the framework of the thermal relativistic nuclear field theory. These developments will be addressed by future efforts.
J. Global calculations of β decay (Jonathan Engel)
Reference [272] reported the development of the Finite-Amplitude Method [273, 274] for solving the charge-changing QRPA equations with Skyrme functionals, and Ref. [275] applied the method to create a table containing β-decay rates for essentially all even-even isotopes. After the publication of the table, Ref. [276] reported calculations, in the equal-filling approximation, in the rare-earth region of the decay of odd and odd-odd nuclei. These calculations are now being extended to the creation of a table of rates for all isotopes, including those with odd N , odd Z, or both. At the same time, the calculations are being improved to obtain decay rates at finite-temperature to incorporate the chiral two-body current operators that appear to be in large part responsible for the "quenching" of g A , a phenomenon that most calculations must include in an ad hoc way.
The result of all this work should be a "best" set of QRPA rates, but the method is an adiabatic approximation to the density-functional-theory (DFT) response and therefore has a limited accuracy. Extending the theory requires a time-dependent functional. These do not exist but one can derive reasonable time-dependent extensions of Skyrme functionals by assuming that density-dependent Hamiltonians generate the functionals. That assumption in turn creates a response function that can be treated in a better approximation than QRPA, for example in second QRPA. The generalization of the Finite-Amplitude Method to second QRPA or some other "beyond-QRPA" approach is an important priority and perhaps the best hope for a qualitative improvement in global calculations of transition rates.
V. RECENT AND PLANNED EXPERIMENTS WITH RADIOACTIVE IONS
A. Decay studies of r-process nuclei at FRIB (Robert Grzywacz) With the opportunities provided by the construction and operation of new generation experimental facilities, the experimental studies of many of the r-process nuclei became feasible. The decay studies can perhaps reach the most neutron-rich isotopes due to their abilities to perform experiments at the very low production rates, as low as 10 − 4pps for lifetime measurements. The delayed neutron branching ratios have been identified as another important set of observables, which will impact the nucleosynthesis models, this is because all of the r-process nuclei are beta-delayed neutron emitters. However, because it may not be possible to measure all of the required isotopes, a broader scope of measurements beyond just measuring the most basic decay properties is needed to deepen our comprehension of the underlying physics, which determines the properties of exotic nuclei. With the goal in mind, the Decay Station is planned to be constructed at FRIB to provide an experimental tool to exploit the opportunities to study exotic isotopes comprehensively and efficiently. The instrument will consist of multiple detection systems, which will be very efficient and sensitive to various types of radiation. For example, the neutron energy measurements and neutron counting will have to be combined with the very sensitive gamma-ray detection setup to disentangle the complex decay patterns. In decay chain of one r-process nucleus which can be a beta-delayed one/two or three neutron emitter as many as thirty isotopes may be populated with various probabilities and each decay will be associated with the emission of beta particles, neutrons, and gammas. The principal goal of these studies will be to map the beta decay strength distribution for ranges of isotopes through total gamma absorption and neutron energy measurements. The experimental measurements of the strength distribution can be compared directly to models of the beta decays. The FRIB Decay Station will be a complex instrument capable of measuring decays of tens of isotopes in one experiment. The construction, operation and data analysis will be a complex operation and will provide the large volume of data on many isotopes and will engage researchers from multiple universities and national laboratories. The Ion Guide Isotope Separator On-Line (IGISOL) facility [277] in the JYFL Accelerator Laboratory at the University of Jyväskylä in Finland provides versatile possibilities to study properties of neutron-rich nuclei for the r-process. Neutron-rich nuclides are produced using proton-induced fission on uranium or thorium targets, and the fission fragments are thermalized in helium gas cell (typically at around 300 mbar) before they are extracted out, accelerated to 30 keV and mass-separated by a dipole magnet. The IGISOL method is universal and enables measurements of measurements of isotopes of any element. The production of neutron-rich nuclei at IGISOL is currently limited to fission fragments roughly located at around 70 ≤ A ≤ 170. To pursue production of heavier nuclides relevant for the r process, multinucleon-transfer reactions will be tested in future.
One of the key instruments at the IGISOL facility is the JYFLTRAP double Penning trap mass spectrometer [278] . Nuclear masses are essential for r-process calculations [11, 12] , also after the GW170817 event [13] . Recently, we have measured masses of several new neutron-rich rare-earth isotopes with JYFLTRAP [279] . These masses are relevant for the formation of the rare-earth abundance peak [280, 281] . The newly measured masses indicated that neutron pairing effect gets smaller when approaching the midshell and is weaker than predicted by commonly used theoretical mass models. The impact on the calculated r-process abundances was up to ≈ 25 %. The obtained pattern was found to be smoother than obtained in the baseline calculations performed with FRDM and AME16 [279] . In addition to the rare-earth region, mass measurements have been performed close to 78 Ni and 132 Sn at JYFLTRAP. For example the masses of 70 Co and 74, 75 Ni have been measured for the first time. These are important for the core collapse supernovae and the composition of the neutron star crust, therefore affecting the seeds for neutron star mergers.
The JYFLTRAP Penning trap has also been widely used as a high resolution beam purifier for post-trap decay spectroscopy (see e.g. the review in Ref. [282] ). One of the recent highlights is the first determination of betadelayed multiple neutron emission beyond A = 100 through direct neutron measurement using the BELEN detector at IGISOL. The P 2n value of 136 Sb was determined for the first time and found to be a factor 20 smaller than predicted by the FRDM+QRPA model used for r-process calculations [283] . Another example of post-trap decay spectroscopy at IGISOL is the observed enhanced gamma-ray emission from neutron-unbound states populated in beta decay in 87, 88 Br and 94 Rb [284] . Such an increase in the photon strength function can increase the (n, γ) cross section that would have an impact on r-process abundance calculations. In addition, eight modules of the NuSTAR at FAIR MOdular Neutron time of flight SpectromeTER (MONSTER) [285] are currently at IGISOL for testing and experiments on beta-delayed neutron spectra.
IGISOL is a good example of a smaller facility that can provide flexible possibilities and beamtime to explore properties of neutron-rich nuclei for the r-process as well as design and test new equipments. Therefore, the work carried out at IGISOL both in research and researcher training are essential for the future radioactive ion beam facilities like FRIB and FAIR.
C. Mass measurements with the Canadian Penning trap mass spectrometer at CARIBU (J.A. Clark)
The CARIBU (CAlifornium Rare Isotope Breeder Upgrade) facility [286] at Argonne National Laboratory provides neutron-rich nuclides as supplied from the spontaneous fission of a 252 Cf source. The source is situated within a largevolume gas catcher which contains high-purity helium gas to thermalize the emitted fission products. A combination of gas flow and electric fields guide the fission fragments to an exit nozzle where the fragments are cooled through a radiofrequency quadrupole (RFQ) ion guide and subsequently mass separated by a normally conducting magnet with a mass resolving power approaching 20,000. These ions are then bunched with an RFQ buncher, and are periodically ejected and sent into a Multi-Reflection Time-Of-Flight (MR-TOF) mass separator [287] with a resolving power reaching 100,000. After being ejected from the MR-TOF, the ions are guided to the Canadian Penning Trap (CPT) mass spectrometer [288] where the new phase-imaging ion-cyclotron-resonance (PI-ICR) technique [289] is being used to precisely determine the masses of neutron-rich isotopes provided by CARIBU.
Recently, a number of neutron-rich isotopes have been measured by the CPT to investigate the formation of the rare-earth peak [170] . Initially, measurements of neutron-rich neodymium and samarium isotopes were conducted and compared to the predictions of 'reverse-engineered' Markov Chain Monte Carlo (MCMC) calculations which determined the mass surface in the rare-earth region that would be necessary to reproduce the abundances of the rare-earth peak elements. It was found that the masses measured by the CPT were consistent with that predicted by the MCMC calculations for a hot r-process in a neutron star merger wind. Subsequent mass measurements of neutron-rich praseodymium, promethium, europium, and gadolinium isotopes are also consistent with these MCMC predictions. The next stages in this work is to continue to measure the most neutron-rich nuclides possible with the CPT at CARIBU and examine other astrophysical trajectories with the MCMC technique, with the hope that comparisons between experiment and theory will serve to constrain certain astrophysical environments as possible sources of the rare-earth peak production.
Upon completion of the mass measurement program at CARIBU, the CPT will be moved to the N = 126 beam factory as described in Sec. V D. Here, the CPT will measure the masses of isotopes to investigate the production of the third r-process peak. Although the CPT at that time will no longer measure masses provided by CARIBU, the CARIBU facility will be providing neutron-rich nuclides to a new low-energy experimental area where other experiments will take advantage of the isotopes available for study. An ambitious program to examine the β-decay properties of these neutron-rich isotopes promises to provide much valuable information for r-process studies. This workshop proceeding is a testament that the past few years has seen a large surge in the measurements of nuclear properties of relevance for the r-process. However most of these measurements were concentrated on the first two abundance peaks and the rare-earth peak (Sec. V C and V B), leaving the third abundance peak mostly unexplored. This is because of the difficulty in producing these nuclides. First, fission reactions, which has been a successful mean of producing N = 82 and rare-earth nuclei, cannot produce nuclei near N = 126. Then, cross-sections for the production of nuclei via the commonly-used projectile fragmentation method falls sharply as more protons are removed from 208 Pb [290] . As a result, only next-generation facilities such as FRIB will have the necessary primary beam intensities to allow sufficient production of exotic nuclei of relevance for the r-process south of 208 Pb. Multi-nucleon transfer (MNT) reactions of 136 Xe on 198 Pt however present significantly larger cross-sections in this region [291] . A unique facility that will make use of such reactions, called the N = 126 beam factory, is currently under construction at Argonne National Laboratory. This facility will first comprise a large-volume gas cell to catch and thermalize the divergent fast recoils produced by the MNT reactions. After the gas cell the radioactive ions will be accelerated electrostatically to energies of up to 60 keV and non-isobaric contaminants will be removed by a mass analyzing magnet with a resolving power of 1000. Then, the continuous beam will be decelerated, accumulated, cooled and bunched using a radio-frequency quadrupole ion trap. A multi-reflection time-of-flight (MR-ToF) mass spectrometer [292] , currently being commissioned off-line at the University of Notre Dame, will remove isobaric contaminations with a resolving power of near 50,000, before sending the purified bunches to various experimental stations including the Canadian Penning Trap (CPT) for mass measurements and a beta-decay station for half-life measurements. Besides the N = 126 region, different NMT reactions can be used to populate nuclei of interest for the r-process in other regions of the chart of the nuclides that are difficult of access. For example, 136 Xe on 164 Dy can be used to produce isotopes above and near Dy that cannot be reached via fission. The mass measurement of such isotopes would refine abundance calculations of the heavy side of the rare-earth peak as seen by recent measurements using JYFLTRAP [279] . That same reaction would also produce N = 104 nuclei above Nd that would test reverse-engineered mass model mass-excess predictions [170] . Finally, MNT reactions of 136 Xe beams on actinides would produce very neutron rich isotopes that cannot otherwise be produced even via projectile-fragmentation. One possibility under study would be the use of 136 Xe reaction on 251 Cf to produce nuclei near 254 Cf, which is a nuclei of great importance found to regulate the brightness of kilonova at late time [15] .
E. Surrogate neutron-capture reaction prospects for r-process nuclei (Jolie A. Cizewski)
Understanding abundances from a neutron star merger r process is sensitive to unknown neutron capture (n, γ) rates, especially near shell closures with low level density and weakly bound nuclei. A specific example is the N=80 isotone 130 Sn where ref. [12] has shown that the unknown (n, γ) rate could have significant impact on predicting final abundances. Near shell closures neutron capture is a competition between direct-semi-direct (DSD) capture and formation and decay of a compound nucleus (CN). The neutron transfer (d, p) reaction with radioactive ion beams is an excellent reaction to probe the single-neutron character of excitations in the final nuclei and is also a promising candidate for a surrogate for (n, γ) when the gamma-decay radiation is measured in coincidence with reaction protons as a function of excitation energy. The DSD capture cross sections have been deduced following (d, p) reaction measurements with radioactive ion beams of 132, 130, 128, 126 Sn and stable 124 Sn [293, 294] . The deduced 132 Sn DSD (n, γ) cross section is consistent with previous calculations [295] that also predict that DSD should be dominant for 132 Sn. However, the DSD (n, γ) cross sections for lighter Sn isotopes are lower than previous studies [295] , which assumed pure single-neutron character for the states with unknown excitation energies. More importantly, the formation and subsequent statistical gamma decay of the compound nucleus is expected to dominate for A < 132 Sn isotopes.
The (d, pγ) reaction has been validated as a surrogate for (n, γ) following 95 Mo(d, pγ) reaction studies in normal kinematics [296] . Theoretical formation cross sections and as a function of transferred angular momentum of the 96 Mo CN following breakup of the deuteron [297] were combined with measured proton-gated gamma-decay probabilities for deducing the decay of the compound nucleus G CN (E x , J, π). These G CN probabilities were input to a HauserFeshbach calculation [298] of the (n, γ) cross section as a function of neutron energy that very well reproduces the previously measured and evaluated 95 Mo(n, γ) cross sections. To realize (d, pγ) reaction studies with radioactive ion beams, the Gammasphere ORRUBA: Dual Detectors for Experimental Structure Studies (GODDESS) [299] was commissioned with the Oak Ridge Rutgers University Barrel Array (ORRUBA) of position-sensitive silicon strip detectors augmented with annular arrays of end cap detectors. Preliminary results [300] with the N=80 134 Xe beam showed population of a candidate for the 3p 3/2 3/2 − state important for DSD capture and the gamma-decay probability data at high excitation energy that would be needed for a surrogate (n, γ) analysis, should statistics be sufficient.
The study of the (d, pγ) reaction with 130 Sn beams and as a surrogate for both DSD and CN (n, γ) reactions will have to wait for FRIB. In the near term (d, pγ) measurements with 143 Ba (with CARIBU at ATLAS) and 80 Ge (at NSCL) beams have been approved. The 143 Ba(d, pγ) measurements would be the first surrogate (n, γ) study with a rare-earth fission fragment beam and would constrain predictions of (n, γ) cross sections near the r-process path [12] . 80 Ge(n, γ) is important for constraining A ∼ 80 synthesis in neutron-star mergers [301] .
F. Neutron-capture reactions and β-decay strength distributions for the r process (Artemis Spyrou) Among the many nuclear physics properties that play an important role in r-process calculations, neutron-capture and β-decay rates are two of the most important ones. Together with nuclear masses and fission properties, they define the path along the nuclear chart that the r process will take, and as a result they define the final abundance distribution.
Neutron capture reactions on short-lived nuclei are extremely challenging to measure experimentally. For this reason, indirect techniques have been developed that can significantly constrain the reaction rate. These techniques often provide constraints on the nuclear structure ingredients needed in statistical model (n,γ) calculations, such as the nuclear level density (NLD) and the γ-ray strength function (γSF). An indirect technique that is applicable far from stability is the β-Oslo method [302] . The technique is based on the traditional Oslo method [303] , which has been used for over 30 years to extract NLD and γSF for nuclei along the valley of stability. For the β-Oslo method, the compound nucleus of interest is populated using β decay, providing access to nuclei further away from stability that are available at current facilities only at very low beam intensities. In my talk I discussed our recent results on constraining neutron captures for three reactions: 68, 69 Ni(,nγ) 69, 70 Ni and 73 Zn(n,γ) 74 Zn [304] [305] [306] . In addition, I presented recent calculations that showed the impact of neutron-capture on isomeric states, and highlighted the importance of including isomers in r-process calculations.
Global QRPA calculations are typically used to provide β-decay properties for r-process models. These are compared to experimental data for half-lives and β-delayed neutron emission probabilities. However, both of these are integral quantities, and a more sensitive comparison can be done using β-decay strength distributions. In my talk I showed recent results for nuclei in the mass 70 and 100 regions taken with the SuN detector at the NSCL. These results were compared to commonly used QRPA calculations, showing a large discrepancy between theory and experiment. In addition, the new experimental β-decay intensities were used to extract the fraction of energy released in the form of γ rays. I showed that due to the phenomenon known as "Pandemonium" the existing literature underestimates significantly the emission of γ rays in favor of β and ν emission. These can affect the energy release during the kilonova event. The Rare-RI Ring is a newly commissioned mass spectrometer at RIBF/Riken. The mass measurement determination is a based on Isochronous Mass Spectrometry [307] . This technique allows reaching mass precision of 10 −6 in an extremely short measurement time (∼1 ms). The unique combination of the Rare-RI Ring with the Superconducting Ring Cyclotron (SRC) at RI Beam Factory (RIBF) at Riken has its own challenges but gives the opportunity to measure masses of r-process nuclei. We have overcome most the technical challenges and the Rare-RI Ring is now ready to perform mass measurement of the most exotic nuclei. We have developed single-ion mass determination technique using the unique feature of event-by-event velocity correction in storage ring. This will also allow mass measurement of extremely low yield neutron-rich nuclei. Figure 14 shows the first planned mass measurements using the Rare-RI Ring. We will focus mainly on two key regions of the nuclear chart: near 78 Ni region and south of 132 Sn region. The latter has large impact on the second peak of the r-process abundance, where nuclear masses will determine the flow to higher mass region due to its vicinity to the N = 82 shell gap [10] . To determine the strength of the N = 82 shell gap will require mass measurement beyond the N = 82. The Isoltrap experiment at CERN/ISOLDE has measured Cd isotopes beyond the N = 82 [308] . We plan to measure even lower Z, namely Ag and Pd isotopes, which were already produced and studied at RIBF [309, 310] . Nuclear deformation plays also an important role in the r-process. According to the FRMD mass model [311] , the Palladium isotopes present strong deformation before N = 82. By measuring these masses we will clarify the role of deformation before the N = 82 shell gap on the r-process abundance.
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